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ZebraﬁshWhile genes involved in the differentiation of the mechanosensory hair cells and the neurons innervating
them have been identiﬁed, genes involved in balancing their relative numbers remain unknown. Six1a plays a
dual role by promoting hair cell fate while inhibiting neuronal fate in these two lineages. Genes homologous
to six1a act as either transcriptional activators or repressors, depending on the partners with which they
interact. By assaying the in vivo and in vitro effects of mutations in presumptive protein-protein interacting
and DNA-binding domains of Six1a, we show that, in the developing zebraﬁsh inner ear, Six1a promotes hair
cell fate by acting as a transcriptional activator and inhibits neuronal fate by acting as a transcriptional
repressor. We also identify several potential partners for Six1a that differ between these two lineages. The
dual role of Six1a in the developing otocyst provides a mechanism for balancing the relative number of hair
cells and neurons during organogenesis of the inner ear.elopment, Gonda Cell Biology
W 3rd Street, Los Angeles, CA
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The inner ear of vertebrates is a complex organ for hearing and
maintaining balance, consisting of non-sensory epithelia and 6 to 9
precisely positioned sensory organs, which contain the mechanosen-
sory hair cells (Fritzsch et al., 2002). These are innervated by neurons
of the VIIIth cranial or stato-acoustic ganglion (SAG) (Rubel and
Fritzsch, 2002). All inner ear cell types, including SAG neurons, are
derived from an ectodermal thickening adjacent to the hindbrain, the
otic placode (Fritzsch et al., 1998; Haddon and Lewis, 1996; Hudspeth,
1989). The lineage relationships between these different cell types are
just beginning to be understood (Fekete and Wu, 2002). Single cell
lineage studies have demonstrated that hair cells and neurons share a
common progenitor in chickens (Satoh and Fekete, 2005). The
auditory and vestibular functions of the vertebrate inner ear depend
on the proper balance between number of hair cells and the neurons
that innervate them (Chen et al., 2003; Chen and Segil, 1999).
The transcription factor Six1 has been shown in mouse to be
necessary for the development of multiple organs and tissues,
including the inner ear (Zheng et al., 2003). This role of Six1 in
organogenesis involves its binding and interacting with co-factors
such as Eyes absent (Eya) and Dachshund (Dach) (Li et al., 2003).
Within this protein complex, Eya1, acting as a phosphatase, changes the
Six1–Dach complex from a repressor to an activator of transcription (Liet al., 2003). Six genes have also been shown to interact directly with
genes from the Eyes absent (Eya) family at the protein level through
binding sites encoded within their Six domain (Ruf et al., 2004). The
Six–Eya protein complexes can act as transcriptional activators as well
(Brugmann et al., 2004). A related mechanism has been proposed to
explain the role of the ﬂy six1 homologue, sine oculis (so) in
compound eye development (Silver et al., 2003), based on prospective
binding to both Groucho (GRO), a general transcriptional repressor,
and EYA. The model (Silver et al., 2003) predicts that in the absence of
EYA, GRO is bound to SO leading to repression of so target genes,
whereas in the presence of EYA, EYA displaces GRO and the newly
formed SO–EYA complex can now activate transcription of so target
genes. All these studies emphasize that the conversion of Six1 from a
transcriptional repressor to anactivator occurswithin the sameorganor
cell type and is a required transition for organogenesis (Li et al., 2003;
Silver et al., 2003).
We recently demonstrated that the transcription factor Six1a
(formerly named Six1 (Bessarab et al., 2008)) plays a pivotal role in
controlling the relative numbers of sensory hair cells and SAG neurons
(Bricaud and Collazo, 2006). It is the only gene identiﬁed that
differentially affects two distinct cell types in the developing inner
ear. Six1a is expressed in the precursor population as well as the
differentiated hair cells and neurons. It is notable as well that Six1a
only acts on a sub-population of hair cells, those within the utricular
macula sensory organ (Bricaud and Collazo, 2006). Utricular hair cells
are the only hair cells of the inner ear to arise from the same region as
SAG neurons (anterior–ventral otic epithelium) and at the same time
in development (Haddon and Lewis, 1996). The function of Six1a in the
developing zebraﬁsh inner ear is to promote hair cell formation by
192 O. Bricaud, A. Collazo / Developmental Biology 357 (2011) 191–201increasing cell proliferation in the sensory lineage while concomi-
tantly inhibiting SAG neuron formation by inducing cell death in the
neuronal lineage (Fig. S1). That Six1a has opposite effects in these two
lineages could be explained by the fact that Six proteins can either
activate or repress downstream target genes, depending upon their
interactionswith certain co-factors (Brugmann et al., 2004; Kawakami
et al., 2000; Kobayashi et al., 2001; Lagutin et al., 2003; Lopez-Rios et
al., 2003; Ohto et al., 1999; Pignoni et al., 1997; Ruf et al., 2004; Zhu et
al., 2002).
All Six proteins have at least two regions of relatively high
homology, an N-terminal Six domain and a C-terminal Six-type
homeodomain. The N-terminal Six domain is thought to be necessary
for protein–protein interactions while the homeodomain is required
for the binding of Six proteins to their DNA targets (Kawakami et al.,
2000). Zebraﬁsh Six1a also contains two engrailed homologue 1
related motifs (eh1) in its Six domain. These two domains are highly
homologous to those found in human SIX1, mouse Six2, and ﬂy so
(Kobayashi et al., 2001; Laclef et al., 2003). These motifs have been
demonstrated in vitro to be required for interactions with repressors
of the Groucho (Gro) family (Kobayashi et al., 2001; Laclef et al.,
2003). Furthermore, this Groucho-mediated transcriptional repres-
sion is thought to involve histone modiﬁcations resulting from the
recruitment of histone deacetylases to the target gene (Chen and
Courey, 2000).
How an organ balances the relative number of constituent cells is
one of the least understood processes in development. To understand
how Six1a can have opposite effects in two distinct inner ear cell
lineages, we assayed the effects of perturbing the binding of Six1a to
members of either the Gro or Eya family on the formation of hair cells
and neurons within the developing inner ear. Our results shows that
the integrity of the two eh1 binding sites is required for the proper
function of Six1a in the neuronal lineage, whereas the Eya-binding site
is necessary for Six1a to act in the sensory lineage. Mutations in the
Six-homeodomain result in Six1a having no effect on either the
sensory or neuronal lineages, suggesting that DNA binding is required
in both lineages. These results combinedwith in vitro assays lead us to
propose that Six1a acts as a transcriptional repressor in the neuronal
lineage and as a transcriptional activator in the hair cell lineage, likely
with an Eya-like factor. Six1a's repressive role in the neuronal lineage
seems to require not only an interaction with a Gro-like factor but also
the presence of a histonedeacetylase.We further propose that the dual
role of Six1a in the developing otocyst could be amechanismbalancing
the relative number of hair cells and neurons during organogenesis of
the inner ear.
Materials and methods
Morpholino-modiﬁed oligonucleotides and mRNA injections
The method for injecting mRNA and morpholino-modiﬁed oligo-
nucleotides (MO) into zebraﬁsh embryos has been described else-
where (Nasevicius and Ekker, 2000;Westerﬁeld, 1995). TheMO (Gene
Tools, LLC, Philomath,OR) usedwere as follows (complementary bases
to the predicted start codon are underlined):
gro1: 5′-GCCCTGCGGATACATCTTGAATGT-3′;
std: Gene Tools, LLC standard control oligo.
Whole mount immunoﬂuorescence
Whole mount immunoﬂuorescence was performed as described
elsewhere (Bricaud et al., 2001). After staining, the larvae were
mounted and documented with a Zeiss or Leica Laser Scanning
Confocal Microscope by collecting and projecting confocal z-series.
The antibody directed against HCS-1 (Gift from J.T. Corwin, University
of Virginia, Charlottesville, VA; used at a concentration of 1:50) hasbeen shown to speciﬁcally recognize otoferlin (Goodyear et al., 2010)
and labels hair cells in ﬁsh, amphibians, birds andmammals (Finley et
al., 1997; Gale et al., 2000; Goodyear et al., 2010). The antibody
directed against HuC (Molecular Probes, Inc., Eugene, OR; used at a
concentration of 1:1000) has been shown previously to label the
neurons of cranial ganglia (Andermann et al., 2002; Marusich et al.,
1994). As a cell proliferation marker, we used an antibody directed
against human PhosphoHistoneH3 (EMD Biosciences, San Diego, CA;
used at a concentration of 1:100). Programmed cell death was studied
using an antibody directed against the human activated Caspase3
(R&D Systems, Inc., Minneapolis, MN; used at a concentration of
1:100).
Administration of histone deacetylase inhibitor, Trichostatin A
The method for administrating Trichostatin A (TSA) has already
been described elsewhere (Miller et al., 2004). Brieﬂy, the TSA
(Sigma-Aldrich, St Louis, MO) was applied to live embryos at a
concentration of 0.1 M in embryo water (Westerﬁeld, 1995) with
0.003% DMSO. Control embryos were raised in embryo water
containing just DMSO. To ensure both penetration and that the
inhibition would be effective during the period hair cells and neurons
are developing, embryos were incubated in the presence of the
inhibitor from 15 hpf (prior to when hair cells and neurons form) to 3
dpf, a period encompassing the formation of both sensory hair cells
and SAG neurons, and then assayed for the number of utricular hair
cells and SAG neurons.
Cell counts
To assess cell numbers accurately, multiple focal planes (confocal
z-sections) encompassing all labeled cells around the inner ear were
collected with a Zeiss or Leica Laser Scanning Confocal Microscope.
Examples of collected images are shown in Fig. S2. By careful
comparison to the previous and following sections, we made sure to
only count each labeled cell once. Sample sizes listed for the cell
counts represent individual embryos since for each embryo, only the
cells on one side have been scored. Statistical analyses were done
using Student's t-test and the Smith's Statistical Package (Pomona
College, Claremont, CA) with a Pb0.05 considered as statistically
signiﬁcant.
Six1a site-directed mutagenesis
Site-directedmutagenesis was performed using the GeneEditor™ in
vitro Site-Directed Mutagenesis System (Promega, Inc., Madison, WI)
according to themanufacturer's instructions. The two Gro-binding sites
(6-SFGFTQEQVACV-17 and 73-HQFSPHNHPKL-83), also called eh1
domains for engrailed homologue 1 domains, have been mutated in a
similar fashion in zebraﬁsh Six3 (Kobayashi et al., 2001). Brieﬂy, the
phenylalanines in positions 7 and 9 and the one in position 75 were
mutated into glutamic acid residues to generate the mutant forms
subsequently called Six1aeh1a⁎ (positions 7 and 9), Six1aeh1b⁎ (position
75) and Six1aeh1a⁎b⁎, the latter having mutations in all 3 positions and
both eh1 domains (Fig. S4). It is notable that Six1a contains two
phenylalanines within its ﬁrst eh1 domain, separated by one amino-
acid, compared to six3 which only has one (Kobayashi et al., 2001). We
individually mutated both phenylalanines in positions 7 and 9 and the
resulting mutated proteins behave identically to the proteins where
both phenylalanines are mutated into glutamic acid (data not shown).
We therefore used themutant formwhere both phenylalanines 7 and 9
are mutated for subsequent experiments. The mutations affecting the
Eya-binding site (subsequently called Six1aR110W) and theDNA-binding
sites (subsequently called Six1aY129C and Six1adelE133) have been
described in humans as responsible for causing Branchio-Oto-Renal
syndrome (Fig. S4) (Ruf et al., 2004). The R110W mutation where the
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vitro to prevent human EYA1 binding (Ruf et al., 2004). The two other
mutations, Y129C and delE133, where the tyrosine in position 129 is
replaced by a cysteine and where the glutamic acid in position 133 is
deleted, respectively, have been shown in vitro to prevent human SIX1
binding to DNA (Ruf et al., 2004). The cellular behavior of the Six1a
mutants has been veriﬁed by transient transfections (Fig. S3).
Transfections and luciferase assays
Transfections of the different constructs were performed in COS-7
cells (ATCC, Manassas, VA) using PolyFect Transfection Reagent
(Qiagen, Inc., Valencia, CA) according to the manufacturer's recom-
mendations. Twenty-four hours after transfection, the cells were
harvested and the luciferase assays were carried out according to the
manufacturer's protocol using Dual-Luciferase Reporter Assay Kit
(Promega, Inc., Madison, WI). Luciferase activity were measured with
a BD Moonlight 3010 Luminometer (BD Biosciences Pharmingen, San
Diego, CA) using pRL-CMV (Promega, Inc., Madison, WI), expressing
the Renilla luciferase under the control of the CytoMegaloVirus (CMV)
promoter, as an internal control. As a reporter of six1a transcriptional
activity, we used the ARE-luciferase construct (kindly provided by S.
Silver, Whitehead Institute for Biomedical Research, Cambridge, MA)
consisting of the ﬁreﬂy luciferase gene under the control of seven
repeats of the AREC3 (SIX4) binding site (Silver et al., 2003). The
expression in all the other constructs is driven by the CMV promoter.
Absolute luciferase activity for 3 independent experiments have been
averaged and normalized against the control experiments.
Results
Six1a acts as a transcription factor by directly binding DNA in both the
sensory and neuronal lineages of the developing zebraﬁsh inner ear
To determine whether Six1a functions as a transcription factor in
the developing zebraﬁsh inner ear, we assayed the effects on hair cells
and SAG neurons of the over-expression of mutant forms of Six1a,
where the presumptive DNA-binding site is disrupted. Mutations
where the tyrosine in position 129 is replaced by a cysteine or where
the glutamic acid in position 133 is deleted have been shown in vitro to
prevent human SIX1 binding to DNA (Ruf et al., 2004). We introduced
these mutations into the zebraﬁsh Six1a sequence, Six1aY129C
and Six1adel133 respectively, and then assayed in vivo whether the
over-expression of these mutant mRNAs had the same effect on inner
ear development as the over-expression ofwild-type Six1a (Fig. 1, S2).
As themost striking effect of Six1a over-expression is a decrease in the
number of SAGneurons and an increase in the number of utricular hair
cells (Bricaud and Collazo, 2006), we ﬁrst scored these two cell types
at 3 days post fertilization (dpf) after over-expression of either
Six1aY129C or Six1adel133, and compared the numbers to those
observed in control and Six1a over-expressing embryos (Fig. 1A, S2).
The numbers of SAG neurons and utricular hair cells, after over-
expression of either Six1aY129C or Six1adel133, are indistinguishable
from those observed in control, non-injected embryos (Fig. 1A; P
values ranging from 0.1 to 0.8). We also looked at programmed cell
death and cell proliferation in embryos over-expressing the two
mutant forms of Six1a (Fig. 1B). Instead of the increase in cell death
and proliferation normally observed when Six1a is over-expressed
(Bricaud and Collazo, 2006), we observed no change in number of cells
undergoing death and proliferation in embryos over-expressing either
Six1aY129C or Six1adel133when compared to control embryos (Fig. 1B; P
values ranging from 0.1 to 0.8). These results strongly suggest that the
DNA-binding domain of Six1a is crucial for its function in both sensory
and neuronal lineages.
In order to conﬁrm that Six1a functions as a transcription factor,
we used an in vitro cellular system to study whether Six1a couldtrans-activate a reporter gene whose expression was controlled by a
Sine oculis responsive element (Fig. 2A). When Six1a is expressed in
our reporter system, the absolute luciferase activity (ALA) is increased
by 35% compared to the baseline luciferase activity observed when
the reporter construct is transfected alone (Fig. 2A), showing that
Six1a can act as a transcriptional activator. Furthermore, this trans-
activation is impaired when a Six1a DNA-binding site is mutated as
the ALA, when either Six1aY129C or Six1adel133 is expressed (Fig. 2B, C),
is indistinguishable from the negative control.
In conclusion, we propose that Six1a's principal function in both
hair cell and neuronal lineages is to bind directly to its DNA-targets
and either activate or repress transcription.
Zebraﬁsh Six1a function requires a direct interaction with an Eya factor
in the sensory but not neuronal lineage of the developing inner ear
Previous studies have shown that complexes formed between Sine
oculis and Eyes absent proteins could act as transcriptional activators
(Brugmann et al., 2004; Silver et al., 2003). To determine whether an
interactionwith an Eya factor was necessary for Six1a function in vivo,
we over-expressed Six1aR110W, a mutant form of Six1a where Eya-
binding is impaired and studied the effects of its over-expression on
the development of the inner ear (Fig. 3, S2).
We ﬁrst assayed the effects of Six1aR110W over-expression on the
formation of SAG neurons and utricular hair cells (Fig. 3A, S2). The
decreased number of SAG neurons seen is indistinguishable from
that observed after wild-type Six1a over-expression (3.15±1.63
(Six1aR110W) versus 4.55±2.84 (Six1a); P=0.03; n=20), indicating
that a direct interaction between Six1a and an Eya factor is not required
for Six1a function in the neuronal lineage of the developing zebraﬁsh
inner ear. However, the increased number of utricular hair cells
normally seen after wild-type Six1a over-expression is not observed
when Six1aR110W is over-expressed (28.65±3.38 (Six1aR110W) versus
52.55±3.14 (Six1a); Pb0.005; n=20). The number of hair cells
observed after Six1aR110W over-expression is similar to that observed
in control larvae (28.65±3.38 (Six1aR110W) versus 29.9±2.7 (STD);
P=0.2; n=20). These results show that Six1a interaction with an Eya
factor is necessary for Six1a function in the sensory but not neuronal
lineage.
The increased number of utricular sensory hair cells seen after
Six1a over-expression is mainly due to an increase in cell proliferation
within the developing otocyst (Bricaud and Collazo, 2006). This
observation led us to assay whether Six1a interaction with an Eya
factor was required for Six1a-mediated control of cell proliferation in
the sensory lineage (Fig. 3B). When Six1aR110W is over-expressed, we
did not observe the increase in cell proliferation normally observed
when wild-type Six1a is over-expressed (6.95±1.28 (Six1aR110W)
versus 14.2±1.7 (Six1a); Pb0.005; n=20). The number of dividing
cells in the otocyst after Six1aR110W over-expression is indistinguish-
able from that observed in control larvae (6.95±1.28 (Six1aR110W)
versus 7.5±1.4 (STD); P=0.2; n=20). Six1aR110W over-expression
still results in the increased cell death normally observed after Six1a
over-expression (7.65±1.04 (Six1aR110W) versus 8±1.41 (Six1a);
P=0.4; n=20), an increase that we believe is solely occurring in the
neuronal lineage (Bricaud and Collazo, 2006). These results strongly
suggest that a direct interaction between Six1a and an Eya factor is
required for Six1a to control cell proliferation in the sensory, but not
neuronal lineage.
Zebraﬁsh Six1a function requires a direct interaction with a Gro factor in
the neuronal but not sensory lineage of the developing inner ear
As it has been shown that interactions between Sine oculis proteins
andGroucho factors could turn Sine oculis into transcriptional repressors
(Brugmann et al., 2004; Kobayashi et al., 2001; Lopez-Rios et al., 2003;
Silver et al., 2003; Zhu et al., 2002), we assayed whether an interaction
Fig. 1. Integrity of the Six1a DNA-binding domain is required for the proper function of Six1a in vivo. The decrease in neuronal numbers and increases in hair cell numbers,
proliferation and cell death normally observed after six1a over-expression are not observed when using mutant constructs. Values represent mean cell counts (±standard
deviation) with a sample size of 20 embryos for each experiment. (A) Average number of hair cells and neurons in 3 dpf utricular maculae and SAG. Hair cells and neurons were
detected by HCS-1 and HuC immunolabeling, respectively, using confocal microscopy. (B) Quantiﬁcation of cell proliferation and programmed cell death in otocysts at 28 hpf. Cells
labeled with either PhosphoHistoneH3 or activated Caspase3. For cell proliferation and death, only cells within the otocyst were counted. Statistical analyses were performed for
both panels with Student's t test; all comparisons were made to embryos injected with the standard MO control or with six1a mRNA. Comparisons where Pb0.05 were considered
statistically signiﬁcant.
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developing zebraﬁsh inner ear.Weover-expressed Six1aeh1a⁎, Six1aeh1b⁎,
and Six1aeh1a⁎b⁎, mutant forms of Six1awhere either one (Six1aeh1a⁎ and
Six1aeh1b⁎) or two (Six1aeh1a⁎b⁎) prospective Gro-binding site(s) (the
engrailedhomologue1 relatedmotifs) hadbeenmutatedand studied the
effects of their over-expressiononnumbers of utricular hair cells andSAG
neurons (Fig. 4, S2).
Over-expression of any of the 3 Six1amutants perfectly phenocopies
Six1a over-expressionwith respect to the number of utricular hair cells,
i.e. an increase in their numbers (Fig. 4A, S2). In contrast, Six1aeh1a⁎ or
Six1aeh1b⁎ over-expression results in only a moderate decrease in the
number of SAG neurons (Fig. 4A, S2). The numbers are 14.5±2.95 and
14±2.53 for Six1aeh1a⁎ or Six1aeh1b⁎, respectively, versus 24.95±2.84
in control larvae (Pb0.005 for either mutant; n=20) and 4.55±2.24 in
larvae over-expressing wild-type Six1a (Pb0.005; n=20). When the
construct with both sites mutated, Six1aeh1a⁎b⁎, is over-expressed, the
number of SAG neurons is similar to that observed in control larvae
(Fig. 4A, S2): 25.95±1.96 compared to 24.95±2.84 in controls (P=0.2;n=20). These results show that Six1a interaction with a Gro factor is
necessary for Six1a function in the neuronal lineage but not sensory
lineage.
The decrease in number of SAG neurons observed after Six1a over-
expression is due to an increase in cell death (Bricaud and Collazo,
2006). Because of this observation, we assayed for the number of cells
undergoing cell death after over-expression of Six1aeh1a⁎, Six1aeh1b⁎,
and Six1aeh1a⁎b⁎ (Fig. 4B). As observedwith SAGneurons, the number of
cells undergoing cell death in the otic vesicle is only moderately
increased relative to control larvae when either Six1aeh1a⁎ or Six1aeh1b⁎
is over-expressed (Fig. 4B): 4.25±1.65 and 4.2±1.15, respectively,
versus 1.6±1.05 in control larvae (Pb0.005 for both mutants; n=20)
or 8±1.41 after Six1a over-expression (Pb0.005 for both mutants;
n=20). In contrast, when Six1aeh1a⁎b⁎ is over-expressed, the number
of cells undergoing cell death in the developing otocyst is similar
to that observed in control larvae (Fig. 4B), 1.95±1.1 compared to
1.6±1.05 in controls (P=0.3; n=20). Notably, the over-expression
of these3mutants still results in the increased cell proliferationnormally
Fig. 2. DNA-binding domain of Six1a is required for the function of Six1a in vitro. The in vitro trans-activation of Six1a targets is not observed when the DNA-binding domain of Six1a
is mutated. The ARE ﬁreﬂy luciferase reporter ARE-luc was cotransfected with pc-Six1a (A), pc-Six1aY129C (B), pc-Six1adelE133 (C), pc-Eya1, pc-Gro1, or combinations of these into
COS-7 cells. Fireﬂy luciferase activity in the cell lysate was normalized to the Renilla luciferase activity of pRL-CMV as an internal control. The mean fold activation from three
independent experiments is shown, expressed in arbitrary units. Statistical analyses were performed with Student's t test. Comparisons where Pb0.05 were considered statistically
signiﬁcant. The sites mutated are shown in ﬁgure S4 of the supplemental materials.
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14.3±1.56 (Six1aeh1b⁎), and 13.4±1.85 (Six1aeh1a⁎b⁎) versus 7.5±
1.40 (STD); Pb0.005 for the 3 mutants; n =20 or 14.2±1.70 (Six1a);
P=0.002. 0.8, and 0.16 for the 3 mutants, respectively; n=20). These
results strongly suggest that adirect interactionbetweenSix1a andaGro
factor is required for Six1a to control cell death in the neuronal, but not
sensory cell lineage.
Zebraﬁsh Six1a can form a transcriptional activator complex with Eya1
in vitro
Our in vivo experiments suggest that a direct interaction between
Six1a and an Eya factor is required for Six1a function in the sensory
lineage within the developing zebraﬁsh inner ear. In order to study
whether Six1a's function as an activator in the sensory lineage could
be potentiated by its interaction with Eya1 (Sahly et al., 1999), we co-
expressed Six1a and Eya1 in our in vitro reporter system and tested
the effect of their co-expression on the reporter gene (Fig. 2A, 5).
When Six1a is co-expressed with Eya1, the measured ALA
increases by 34% compared to Six1a alone (Fig. 2A), showing that
Eya1 and Six1a can act synergistically to activate the transcription of
Six1a targets; Eya1 alone having no effect on the measured ALA
(Fig. 2A). Moreover, this synergistic effect is most likely due to a direct
interaction between Six1a and Eya1, since when the Six1aR110W
mutant, in lieu of the wild-type Six1a, is co-expressed with Eya1, the
measured ALA is similar to levels observed with Six1a alone (Fig. 5).
Direct interactions between Six1a and Eya1 were conﬁrmed by GST-
pulldown experiments (Fig. S5).Zebraﬁsh Six1a can form a transcriptional repressor complex with Gro1
in vitro
Our in vivo experiments suggest that an interaction between Six1a
and a Gro factor is required for Six1a function in the neuronal lineage
of the developing zebraﬁsh inner ear. To address this, we co-
expressed Six1a and Gro1 (Wulbeck and Campos-Ortega, 1997), in
our in vitro reporter system, and assayed for the expression of our
reporter gene (Fig. 2A, 6).
When Six1a is co-expressed with Gro1, the ALA is reduced by 64%
compared to Six1a alone (Fig. 2A), demonstrating that Six1a and Gro1
can act synergistically to repress the transcription of Six1a targets.
Furthermore, this synergistic effect likely involved direct protein–
protein interaction between both eh1 motifs of Six1a and Gro1 since
when Six1aeh1a⁎ or Six1aeh1b⁎ is co-expressed with Gro1, in lieu of the
wild-type Six1a, the measured ALA is only reduced by 25% and 22%,
respectively (Fig. 6). When Six1aeh1a⁎b⁎ is transfected, there is no
decrease in the measured ALA which is not statistically different from
that of wild-type Six1a alone (Fig. 6). The direct binding of Gro1 to
Six1a was also conﬁrmed by GST-pulldown experiments (Fig. S5).
The binding of Six1a to Eya1 is favored over that of Six1a to Gro1 in vitro
Using our in vitro reporter system, we next assayed whether the
binding of Eya1 to Six1a was favored over that of Six1a to Gro1. The
co-transfection of Six1a, Gro1, and Eya1 leads to an activation of the
reporter similar to that observed when only Eya1 is co-transfected
with Six1a (Fig. 2A), strongly suggesting that the presence of Gro1 has
Fig. 3. EYA-binding site of Six1a is required in vivo for the function of Six1a in the sensory hair cell lineage of the developing zebraﬁsh inner ear. Mutating the EYA-binding site within
Six1a abolishes the increase in hair cell numbers and cell proliferation normally seen after six1a over-expression. Values represent mean cell counts (±standard deviation) with a
sample size of 20 embryos for each experiment. (A) Average number of hair cells and neurons in 3 dpf utricular maculae and SAG. Hair cells and neurons were detected by HCS-1 and
HuC immunolabeling, respectively, using confocal microscopy. (B) Quantiﬁcation of cell proliferation and death in otocysts at 28 hpf. Cells labeled with either PhosphoHistoneH3 or
activated Caspase3. For cell proliferation and death, only cells within the otocyst were counted. Statistical analyses were performed for both panels with Student's t test; all
comparisons were made to embryos injected with standard MO control or with six1a mRNA. Comparisons where Pb0.05 were considered statistically signiﬁcant.
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activity. Furthermore, when Six1aR110W is co-transfected with both
Gro1 and Eya1 (Fig. 5), the measured ALA is similar to the one
measured when only wild type Six1a and Gro1 are co-transfected,
demonstrating that it is the binding of Eya1 to Six1a that prevents
Gro1 frommodulating Six1a transcriptional activity. The preference of
Six1a to bind Eya1 over Gro1 was also conﬁrmed by GST-pulldown
experiments (Fig. S5).
Gro–Six1a transcriptional inhibition could be mediated by histone
modiﬁcations in the neuronal lineage
At least oneGrouchogene, gro1, is expressed in the developing inner
ear at the same developmental stages as six1a (Wulbeck and Campos-
Ortega, 1997). To test whether Groucho plays a role in the developing
inner ear, we studied the effects of knocking down gro1 by injecting a
morpholino-modiﬁed oligonucleotide (MO) directed against gro1 into
zebraﬁsh embryos and assaying for the number of utricular hair cells
and SAG neurons at 3 dpf (Fig. 7, S6). After gro1–MO injection, the
observed number of utricular hair cells is similar to that observed in
control larvae (Fig. 7; 31.05±2.95 compared to 31.4±2.3 in controllarvae; P=0.7; n=20), demonstrating that Gro1 function is not
required in the sensory lineage of the developing inner ear. However,
in the neuronal lineage, knocking down gro1 results in a dramatic
reduction in the number of SAG neurons at 3 dpf (Fig. 7; 5.1±2.00
compared to 24.95±2.84 in control larvae; Pb0.005; n=20). This is
similar to what is observed when six1a is over-expressed (4.55±2.24;
P=0.4; n=20). These results, combinedwith our in vitro data, suggest
that Gro1 and Six1a function together to repress transcription in the
neuronal lineage of the developing zebraﬁsh inner ear.
One of the currently favored models for Gro-mediated repression
(Chen and Courey, 2000) involves the recruitment of histone
deacetylases, which remove acetyl groups from the histones, resulting
in the compaction of the chromatin (de Ruijter et al., 2003; Marks et
al., 2003). These chromatin modiﬁcations make the gene being
regulated refractory to the binding of transcription factors, repressing
its transcription. In order to test whether such a mechanism could be
at play in the neuronal lineage, we assayed for the role of zebraﬁsh
Hdac1, a histone deacetylase expressed in the developing inner ear
(Cunliffe, 2004). We ﬁrst used Trichostatin A (TSA), a general
pharmacological inhibitor of histone deacetylases (Miller et al.,
2004). While the number of utricular hair cells observed after TSA
Fig. 4. GRO-binding sites of Six1a are required in vivo for the function of Six1a in the neuronal lineage of the developing zebraﬁsh inner ear. When both sites are mutated, the loss of
neurons and increase in cell death normally observed after six1a over-expression are abolished. Mutations in one site result in an intermediate condition. Values represent mean cell
counts (±standard deviation) with a sample size of 20 embryos for each experiment. (A) Average number of hair cells and neurons in 3 dpf utricular maculae and SAG. Hair cells and
neurons were detected by HCS-1 and HuC immunolabeling, respectively, using confocal microscopy. (B) Quantiﬁcation of cell proliferation and death in otocysts at 28 hpf. Cells
labeled with either PhosphoHistoneH3 or activated Caspase3. For cell proliferation and death, only cells within the otocyst were counted. Statistical analyses were performed for
both panels with Student's t test; all comparisons were made to embryos injected with standard MO control or with six1a mRNA. Comparisons where Pb0.05 were considered
statistically signiﬁcant.
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(Fig. 7; 31.3±2.61 compared to 31.4±2.30 (control); P=0.9;
n=20), the number of SAG neurons observed after TSA treatment is
dramatically reduced (Fig. 7; 4.6±1.73 compared to 24.95±2.84 inFig. 5. EYA-binding site of Six1a is necessary in vitro for Six1a's interaction with zebraﬁsh Ey
of the Six1a targets normally observed in vitro when both six1a and eya1 are transfected is no
reporter ARE-luc was cotransfected with pc-Six1aR110W, pc-Eya1, pc-Gro1, or combinations o
Renilla luciferase activity of pRL-CMV as an internal control. The mean fold activation from th
were performed with Student's t test. Comparisons where Pb0.05 were considered statistical
arrowheads (red for pc-Six1a+pc-Gro1, black for the empty vector by itself, blue for pc-Six1
supplemental materials.control larvae; Pb0.005; n=20) and is comparable to the number
observed when either gro1 is knocked down (Fig. 7; 5.1±2.00;
P=0.4; n=20) or six1a is over-expressed (Fig. 7; 4.55±2.24;
P=0.9; n=20). We also assayed for the numbers of utricular haira1 and the subsequent trans-activation of Six1a targets. The increase in trans-activation
t observed when the EYA-binding domain of Six1a is mutated. The ARE ﬁreﬂy luciferase
f these into COS-7 cells. Fireﬂy luciferase activity in the cell lysate was normalized to the
ree independent experiments is shown expressed in arbitrary units. Statistical analyses
ly signiﬁcant. Absolute ﬁreﬂy luciferase activities for control combinations are shown as
a alone and green for pc-Six1a+pc-Eya1). The site mutated is shown in ﬁgure S4 of the
Fig. 6. GRO-binding sites of Six1a are necessary in vitro for Six1a's interaction with zebraﬁsh Gro1 and the subsequent repression of Six1a targets. The repression of Six1a targets
normally observed in vitro when both six1a and gro1 are transfected is not observed when the prospective GRO-binding sites of Six1a aremutated. The ARE ﬁreﬂy luciferase reporter
ARE-luc was cotransfected with pc-Six1a, pc-Six1eh1a⁎ (A), pc-Six1aeh1b⁎ (B), pc-Six1eh1a⁎b⁎ (C), pc-Eya1, pc-Gro1, or combinations of these into COS-7 cells. Fireﬂy luciferase activity
in the cell lysate was normalized to the Renilla luciferase activity of pRL-CMV as an internal control. The mean fold activation from three independent experiments is shown
expressed in arbitrary units. Statistical analyses were performed with Student's t test. Comparisons where Pb0.005 were considered statistically signiﬁcant. Absolute ﬁreﬂy
luciferase activities for control combinations are shown as arrowheads (red for pc-Six1a+pc-Gro1, black for the empty vector by itself, blue for pc-Six1a alone and green for
pc-Six1a+pc-Eya1). The sites mutated are shown in ﬁgure S4 of the supplemental materials.
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been mutated (larvae that contain a null hdac1 insertional mutation,
hi1618 (Golling et al., 2002), generously provided by V.T. Cunliffe).
The observed results are similar to those obtained with TSA treatment
(Fig. 7). The number of utricular hair cells is not affected in larvaeFig. 7. The function of Six1a as a transcriptional repressor in the neuronal lineage of the
developing zebraﬁsh inner ear likely involves Hdac1 and Gro1. Loss of function of either
hdac1 or gro1 leads to a decrease in number of neurons similar to that observed when
six1a is over-expressed. Effects of perturbing these molecules are restricted to the
neuronal lineage. Average number of hair cells and neurons in 3 dpf utricular maculae
and SAG. Hair cells and neurons were detected by HCS-1 and HuC immunolabeling,
respectively, using confocal microscopy. Values represent mean cell counts (±standard
deviation) with a sample size of 20 for each experiment. Statistical analyses were
performed for both panels with Student's t test; all comparisons were made to embryos
injected with standard MO control (STD) or with six1a mRNA. Comparisons where
Pb0.05 were considered statistically signiﬁcant.homozygous for the hdac1 mutation (Fig. 7; 31.3±2.61 compared to
31.4±2.30 in wild-type larvae; P=0.9; n=20) whereas the number
of SAG neurons is dramatically reduced to levels similar to those
observed when larvae are either treated with TSA, gro1 is knocked
down, or six1a is over-expressed (Fig. 7; 4.65±1.6 compared to
24.95±2.84 (wild-type; Pb0.005; n=20), 4.60±1.73 (TSA; P=0.9;
n =20), 5.10±2.00 (gro1 MO; P=0.4; n=20 and 4.55±2.24 (six1a
over-expression; P=0.9; n=20)).
These results strongly suggest that Six1a-mediated transcriptional
repression in the SAG neuronal lineage acts through the recruitment
of Gro1. The newly formed Six1a–Gro1 complex in turn may interact
with Hdac1, a histone deacetylase, which decreases the level of
acetylation of the targeted region of chromatin, further inhibiting
transcription.
Discussion
Six1a acts as a transcriptional activator in the sensory hair cell lineage
and as a transcriptional repressor in the SAG lineage
The results presented here suggest dual and opposing functions for
Six1a during the formation of sensory hair cells and the neurons
innervating them, in the developing zebraﬁsh inner ear. In the sensory
hair cell lineage, Six1a likely acts as a transcriptional activator
whereas in the SAG neuronal lineage its function is to repress
transcription. This lineage-dependent function of Six1a is most likely
due to the presence of modifying co-factors that are able to physically
interact with Six1a at the protein level and, subsequently, confer Six1a
activating or repressing activities.
Combining the results presented in this paper with those
previously reported (Bricaud and Collazo, 2006) leads us to propose
a model (Fig. 8) for how Six1a acts in the developing zebraﬁsh inner
ear that may provide insights into inner ear development in other
Fig. 8.Model of Six1a's dual and opposing roles in the sensory and neuronal lineages of the developing zebraﬁsh inner ear. In the sensory lineage, Six1a is able to interact with an Eya-
like factor. They subsequently recruit an activator complex, leading to the transcriptional activation of Six1a targets, which, in turn, increases cell proliferation while decreasing
programmed cell death. The result is the promotion of hair cell formation in the developing otocyst. Conversely, in the neuronal lineage, Six1a is able to interact with a Gro-like factor.
They then recruit a repressor complex, leading to the transcriptional repression of Six1a targets, inhibiting cell proliferation and activating programmed cell death, resulting in an
inhibition of neuron formation in the developing inner ear. Both roles require Six1a binding to DNA.
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neurons, the homeodomain of Six1a physically interacts with speciﬁc
DNA sequences within the promoter of Six1a target genes. In the
sensory lineage, a co-factor, likely a member of the EYA gene family, is
present and being boundby the Six domain of Six1a. The newly formed
heterocomplex is then able to promote the transcription of Six1a
targets that trigger the proliferation of hair cells while protecting them
from programmed cell death, thereby increasing the number of
sensory hair cells. Such a role for a Six1a–Eya1 complex is not unlike
the role described for Six1–Eya1 complexes in Xenopus cranial
placodeswhere a Six1–Eya1 complex is able tomaintain a proliferative
statewhich blocks the expression of neuronal genes in placodederived
ganglia (Schlosser et al., 2008). Conversely, in the SAG neuronal
lineage, the absence or unavailability of this particular Eya-like co-
factor enables another co-factor,most likely amember of theGROgene
family, to bind to the eh1 motifs of Six1a. This newly formed complex,
in turn, recruits a histone deacetylase, which modiﬁes histones,
resulting in the compaction of chromatin in these regions, silencing
genes and inhibiting the transcription of Six1a targets. This inhibition
blocks the proliferation of cells in this lineage and triggers programmed
cell death, leading to fewer SAGneurons. The different roles in these two
lineages result in Six1a balancing the relative numbers of inner ear
sensory cells and neurons.
Six1a acts independently of Eya1 in the neuronal lineage of the
developing zebraﬁsh inner ear
To account for the dual function of Six1a, we currently favor amodel
(Fig. 8) inwhich Six1a preferentially binds to Eya1 over Gro1when both
are present. However, eya1, gro1, and six1a mRNAs are all expressed in
both sensory and neuronal lineages, which suggests their protein
products are as well (Bricaud and Collazo, 2006; Sahly et al., 1999;Wulbeck and Campos-Ortega, 1997). While having Eya1 expressed in
the sensory lineage is consistent with our model, its expression in the
neuronal lineage is more difﬁcult to reconcile because it would seem to
prevent Six1a from binding to Gro1 in this lineage. Interestingly, eya1
loss-of-function results in fewer sensory hair cells and SAG neurons,
which indicates that it is necessary in both lineages (Kozlowski et al.,
2005). We would argue that Eya1 and Six1a most likely function
independently of one another in the neuronal lineage.
The reasons for the presumed lack of interaction between Eya1 and
Six1a in the neuronal lineage are unknown. However, three possible
reasons are: (1) a co-factor for which Eya1 has more afﬁnity than
Six1a is present in the neuronal lineage, preventing Eya1 binding to
Six1a and allowing Gro1 to bind Six1a in this lineage; (2) either Six1a,
Eya1, or both, are modiﬁed at the post-translational level (for
example, by phosphorylation or methylation) in the neuronal lineage
and such modiﬁcations prevent their mutual interactions, leaving
Six1a available to interact with Gro1; or (3) the Eya1–Six1a complex
is more labile in vivo than it is in vitro and such a complex needs to be
stabilized by a third partner only expressed in the sensory lineage but
absent in the neuronal lineage, such Eya1 co-factors have been
recently characterized in mice and zebraﬁsh (Landgraf et al., 2010).
While we emphasize Six1a interaction with Eya1 in the sensory
hair cell lineage there are other eya genes expressed in the developing
inner ear and Six1a could be interacting with another Eya protein. For
example, eya4 is also expressed in the developing zebraﬁsh inner ear
and eya4 loss-of-function results in fewer hair cells (Schonberger et
al., 2005; Wang et al., 2008). The effect of eya4 loss-of-function on the
formation of SAG neurons has not been studied (Wang et al., 2008).
Although Eya4 can interact physically with Six1 in both mouse and
zebraﬁsh, Eya4–Six1 complexes have only weak transcriptional
activity, making Eya4 an unlikely partner for Six1a in the developing
zebraﬁsh inner ear (Schonberger et al., 2005; Zhang et al., 2004).
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morphogenetic ﬁeld by modulating their transcriptional abilities
Six1a seems to function in opposite ways within two lineages of
cells that arise at about the same time and from the same region, or
morphogenetic ﬁeld, of the developing inner ear. Single cell lineage
analysis in the chicken inner ear showed that hair cells and SAG
neurons share a common progenitor but more interesting was that
this was only true for hair cells from the utricular macula which forms
closest to the region from where neurons arise (Satoh and Fekete,
2005). While the interactions between Six and Eya or Six and Gro
proteins have been reported in Drosophila and vertebrates (Giot et al.,
2003; Ikeda et al., 2002; Ohto et al., 1999; Pignoni et al., 1997; Silver et
al., 2003), new to this study is the revelation that six1a can both
activate and repress transcription within a population of lineally
related cells. Also of note is that Six1a and not some other cofactor
provides the switch between these two functions, as it is the only gene
known to differentially affect these two inner ear cell types. Such a
dual function for Six1 has been suggested, based on indirect evidence,
for ectoderm speciﬁcation in Xenopus (Brugmann et al., 2004). During
development, the region of ectoderm directly surrounding the neural
plate gives rise to the intervening neural crest and the pre-placodal
ectoderm (PPE) (Baker and Bronner-Fraser, 2001). This particular
region of the ectoderm has been dubbed the lateral neurogenic
ectoderm (LNE). In Xenopus, Six1, Eya1, and at least three members of
the Gro family are expressed in a pattern consistent with their
involvement in PPE formation (Choudhury et al., 1997; David et al.,
2001; Molenaar et al., 2000; Pandur and Moody, 2000). Six1, in
Xenopus, is necessary for promoting PPE fate and, concomitantly,
inhibiting neural crest fates medially and epidermal fates laterally
(Brugmann et al., 2004). Furthermore, the authors showed that PPE
genes are transcriptionally activated by Six1, most likely through its
interaction with Eya1, whereas neural crest and epidermal genes are
transcriptionally repressed by Six1, likely through interactions with a
Gro factor (Brugmann et al., 2004).
The Xenopus study and our present ﬁndings lead us to propose that
Six proteins, and Six1 in particular, might have been co-opted during
evolution to fulﬁll the role of molecular switches in morphogenetic
ﬁelds where cells are faced with a binary choice. For instance, cells in
the Xenopus LNE can adopt either a PPE or a neural crest fate,
depending upon whether Six1 acts as a transcriptional activator or
repressor. While we cannot rule out a role in cell differentiation, our
data are more consistent with Six1a serving as a molecular switch
driving a given cell population to undergo either proliferation or
programmed cell death. In the developing inner ear, this means
turning cell proliferation on and cell death off in the sensory lineage
while turning cell death on and cell proliferation off in the neuronal
lineage. The ultimate result of the dual and opposing roles for Six1a as
a transcriptional activator and inhibitor is to balance the relative
number of sensory hair cells and SAG neurons developing from the
anterior–ventral otic epithelium.
Zebraﬁsh can be used as a Branchio-Oto-Renal syndrome model
Branchio-Oto-Renal (BOR) syndrome is an autosomal dominant
developmental disorder of kidney and urinary tractmalformationswith
hearing loss (Melnick et al., 1976). Branchio-Oto (BO) syndrome is a
related disorder without renal anomalies. BOR/BO syndromes show a
prevalence of 1:40,000 in the general population and are responsible for
2% of profoundly deaf children (Fraser et al., 1980). Themajor feature of
BOR syndrome is hearing loss (93% of patients), which can be
conductive, sensorineural, or both and varies in age and onset (Hone
and Smith, 2001). It has beendemonstrated that BORandBOsyndromes
can be caused by mutations in EYA1 and that there are multiple allelic
variants (Abdelhak et al., 1997a; Abdelhak et al., 1997b; Vervoort et al.,
2002;Vincent et al., 1997).However, approximately60%of BORpatientsdo not have mutations in EYA1 (Kochhar et al., 2007). A genome-wide
search for linkage to BOR syndrome uncovered a secondary locus
responsible for BOR syndrome (Ruf et al., 2003). This particular locus
encompasses SIX1, SIX4 and SIX6 (Ruf et al., 2003). By sequencing genes
from this locus in BOR patients with nomutation in the EYA1 gene, the
authors were able to uncover 3 mutations in the SIX1 gene, thus
identifying SIX1 as another gene whose mutation can cause BOR/BO
syndromes (Ruf et al., 2004). Two of the mutations were found to be
located in the DNA-binding domain and the third mutation in the
prospective EYA-binding domain, demonstrating that perturbations of
theEYA1–SIX1 transcriptional complex can result in BOR/BO syndromes
(Ruf et al., 2004).
The three mutations found in SIX1 in BOR patients are the same
ones we used in the present studies to assay the transcriptional
function of Six1a in zebraﬁsh otic development, thus, validating the
use of zebraﬁsh as a BOR/BO animal model. Recently, ﬁve more
mutations in SIX1 have been sequenced in BOR patients (Kochhar et
al., 2008). However, the molecular effects of these mutations remain
largely unknown (Patrick et al., 2009). Studying the behavior of these
mutations in the context of the development of the zebraﬁsh inner ear
as assayed here, should yield interesting insights on not only the role
of Six1a in the development of the zebraﬁsh inner ear but also on the
molecular mechanisms responsible for causing BOR/BO syndromes.
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